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Formal expressions are developed for the general five-fold differential cross section of incoherent 
7r-photoproduction on the deuteron including beam and target polarization. The polarization ob- 
servables of the cross section are described by various beam, target and beam-target asymmetries 
for polarized photons and/or polarized deuterons. They are given as bilinear hermitean forms in the 
reaction matrix elements divided by the unpolarized cross section. In addition, the corresponding 
observables for the semi-exclusive reaction (2(t*, ir)NN are also given. 
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I. INTRODUCTION 



Photoproduction of pions on light nuclei is an important topic in medium energy nuclear physics. It is motivated 
by different and complementary aspects. On the one hand one wants to study the elementary reaction on the neutron 
to which otherwise one has no access. On the other hand one is interested in the influence of a nuclear environment 
on the elementary production amplitude, and last but not least, one hopes to obtain information on nuclear structure. 

Besides the study of unpolarized total and differential cross sections, polarization observables provide very often 
further insight into details of the underlying reaction mechanisms and possible structure effects. In this case, such 
observables will serve as additional critical tests or check points for theoretical models. The considerable progress 
in experimental techniques for studying polarization phenomena has brought into focus also the question, what role 
polarization effects play in pion photoproduction on nuclei. Of particular interest is photoproduction of pions on the 
deuteron in view of its simple structure. Indeed, it has been studied quite extensively over the past 50 years (see pj 
and references therein) . While in earlier work mainly total and semi-exclusive differential cross sections of incoherent 
pion production have been studied, polarization observables were considered more recently, both in experiment 0, HI 
as well as in theory. For example, the spin asymmetry of the total cross section with respect to circular photon 
polarization, which determines the Gerasimov-Drell-Hearn sum rule, was investigated theoretically in 0, 0, |(J and 
target asymmetries were considered in Q. 

Subsequently, various polarization asymmetries of the semi-exclusive differential cross section d(-j, tt)NN were 
studied theoretically in a series of papers II U ES IH El Unfortunately, many of the results presented there 
are based on incorrect expressions for polarization observables, because the formal expressions for them were taken 
in analogy from the corresponding expressions of deuteron photodisintegration |13|. This is in principle possible, 
since the spin degrees of freedom are the same in both reactions, provided one takes care to check where certain 
symmetry properties of the reaction amplitude have been used in the derivation of the polarization observables 
in photodisintegration, because they are not identical in both reactions. This caveat refers in particular to those 
observables which are related to linearly polarized photons. It appears that this fact was not taken into account so 
that the results in 0,[lQ| for them cannot be trusted. But also the results for circularly polarized photons are incorrect, 
na mely the claim in |8|], that all of them vanish identically, is wrong. Moreover, this statement is in contradiction 
to |lOj, where a non- vanishing differential spin asymmetry for circularly polarized photons is reported, because this 
asymmetry is proportional to the beam-target asymmetry T£ for circularly polarized photons and a vector polarized 
deuteron, which means that the latter does not vanish. Thus, it is obvious that the importance of polarization effects 
requires a more careful and thorough treatment as done in [3, H, 0, El 113 • 

With the present work we want to provide a solid basis for the formal expressions of the various polarization 
observables which determine the differential cross section for incoherent pion production on the deuteron with polarized 
photons and/or polarized deuterons by deriving the general form of the differential cross section including all possible 
polarization asymmetries. It complements the work of Blaazer et al. 14], who have formally derived all possible 
polarization observables for coherent pion photoproduction on the deuteron. 
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II. KINEMATICS 

As a starting point, we will first consider the kinematics of the photoproduction reaction 

7(fc,£„) + d{p d )^Tl{q) + iVi(pi) + N 2 {p 2 ) , (1) 

where we have defined the notation of the four-momenta of the participating particles. The circular polarization 
vector of the photon is denoted by with fi = ±1. The following formal developments will not depend on the 
reference frame, laboratory or center-of- momentum (cm.) frame. However, in view of our explicit application [l5j in 
which the reaction is evaluated in the laboratory frame, we will refer sometimes to this frame for definiteness. We 
choose as independent variables for the description of the final state the outgoing pion momentum q = (q,6 q ,4>q) 
and the spherical angles f2 p = (6 p ,(j)p) of the relative momentum p = (pi — p 2 )/2 = (p, f2 p ) of the two outgoing 
nucleons. Together with the incoming photon energy u> = ko, the momenta of the outgoing nucleons are fixed, i.e. 
P1/2 — (k + Pd — q)/2 ± P- The coordinate system is chosen to have a right-handed orientation with z-axis along the 
photon momentum k. We distinguish in general three planes: (i) the photon plane spanned by the photon momentum 
and the direction of maximal linear photon polarization, which defines the direction of the x-axis, (ii) the pion plane, 
spanned by the photon and pion momenta, which intersects the photon plane along the z-axis with an angle <j) q , and 
(iii) the nucleon plane spanned by the momenta of the two outgoing nucleons intersecting the pion plane along the 
total momentum of the two nucleons. This is illustrated in Fig. for the laboratory frame. In case that the linear 
photon polarization vanishes, one can choose 4> q = and then photon and pion planes coincide. 




FIG. 1: Kinematics of pion photoproduction on the deuteron in the laboratory system. 



III. THE T-MATRIX 

All observables are determined by the T-matrix elements of the electromagnetic pion production current T 77r between 
the initial deuteron and the final irNN states. In a general frame, it is given by 

T S7 n s ^ md = - (_) (piP2 sm Sl g |e M • J J7r (0)\pd lrud) , (2) 

where s and m s denote the total spin and its projection on the relative momentum p of the outgoing two nucleons, and 
correspondingly the deuteron spin projection on the z-axis as quantization axis. Furthermore, transverse gauge 
has been chosen. The knowledge of the specific form of J 7 „ is not needed for the following formal considerations. 
The general form of the T-matrix after separation of the overall cm. -motion is given by 

T amslJ , md (q, Cl q , Cl p ) = - (_) (psm s , q\J 17 ,^{k)\lm d ) 

= v / 2^^7 L T(-)(p S m s , q\Of\lm d ) (3) 

L 

with p, = ±1 and transverse electric and magnetic multipolcs 



Off = E L M +pM^. 



(4) 
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Furthermore, we use throughout the notation L — \/2L + 1. It is convenient to introduce a partial wave decomposition 
of the final states by 



(psm s \ = —= ^ h( l P Qsm s\3 P m s )D^ s mp ((t) p ,-9 p ,-(t) p ) ( - } (p(l p s)j p m p \ , (5) 



(-) 

* p J p 



l„m„ 





m'm 



where m p and m q like ma refer to the photon momentum k as quantization axis. Here, the rotation matrices D , ni 
are taken in the convention of Rose |16| . Using the multipole decomposition and applying the Wigner-Eckart theorem 
yields 

(-) <P a pS)w , 9 ^Kii md ) = £(-) ip -Wi ]i -mM-mj m i 

JMj 7 v 

( w ((Wi P gj||o^l|i), (?) 

with the selection rule m p + m q = Mj = M + ra^. Rewriting the angular dependence 

^.,m,(^,-0p,-^)£o%,(O,-0,,-0«) = <, mp (-^)rfoX(-^)e j((mp - ms)0p+m ^' l) , (8) 
and rearranging, using the foregoing selection rule for M = fi, 

(m p - m s )6 p + m q 6 q = (m p - m s )6 pq + (fi + md - m s )6 q (9) 
with 6 pq — 6 p — 6 q , one finds that the T-matrix can be written as 

T (fl fl ) — p'tf+mj-'i.l^i (806) (101 

- 1 sm&llTnd \ iL p 5 * L q J — ° v sm s fimd\ w p: u q-> Ypq } i \ i 

where the small t-matrix depends only on 9 p , 8 q , and the relative azimuthal angle 6 pq . Explicitly one has 
t (8 8 6 ) — - N i L LJl 1 j (-) J + l p+ip- s + m s-ig 

<<sm s lJ,md\ypi u qi Vpq) — /jr — / t 1 ^ ° l q l p Jp \ J 



^ Ll p j p m p l q m q JJMj 

lp S 3p \ f jp lq J \ f J LI 

m s —m s J \ m p m q —Mj J \ —Mj /i rrid 

<pg(a pS )j P ^jj|i^ L iii)<.„ lp (-^)4: m ,(-^)e j(mp - ma) ^. (ii) 

Using this explicit form for the small t-matrix, it is quite straightforward to show that, if parity is conserved, the 
following symmetry relation holds for the inverted spin projections 

t (8 8 6 ) — (_y+m s +p+m d , (88-6) 02) 

u s— m s — M — m d \ U P ' w q> Ypq I \ / b srn s pnid\ w pi w qi Ypq) ' V / 

In the derivation of this relation one has made use of the parity selection rules for the multipole transitions to a final 
partial wave \pq((l p s)j p l q )J) with parity ^j{i p j q ) = (-) l p+ l i +1 

E L n d n J(lM {-) L = 1 - (-)'»+<«+* = 1 

M L (-) L = -i - (-)'^+ L = 1 

Therefore, invariance under a parity transformation results in the following property of the reduced matrix element 

(-y^ +L (p q ((l P s) Jp l q )J\\0-^ = -{p q {{l p s) ]p l q )J\\0^\\l) . (14) 
The symmetry property (|12|) leads to a corresponding relation for the T-matrix 

T s -m s -fj,-m d {@p, <t>pi &q, ^q) = { — ) + d T smsP _ md (8 p , — 6 p , 8 q , — 6 q ) . (15) 

For an uncoupled spin representation, one finds accordingly, using the transformation 



(13) 



T mi m 2 ^m d (Sp,(pp,O q ,(j)g) = ^2(-m 1 -m 2 \sm s )T smsf , md (8 p ,6 p ,8 q ,6 q ) , (16) 

sm s 

where rrij denotes the spin projection of the "jth" nuclcon on the quantization axis, as symmetry relation 

T (8 6 8 6 ) — (_\l+m 1 +m 2 +ti+mdj' la _x n _ ( k \ (-\>j\ 

The small t-matrix elements are the basic quantities which determine differential cross section and asymmetries. 
The latter are given as ratios of bilinear hermitean forms in terms of the t-matrix elements (see (|37fl and (I38|l below) . 
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IV. THE DIFFERENTIAL CROSS SECTION INCLUDING POLARIZATION ASYMMETRIES 

The usual starting point is the general expression for the differential cross section 

d^m p = <^M^T Pi) , (is) 

where T denotes the reaction matrix, pi the density matrix for the spin degrees of the initial system. The trace refers 
to all initial and final state spin degrees of freedom comprising incoming photon, target deuteron, and final nucleons. 
Furthermore, c(u>, q, Q qi f2 p ) denotes a kinematic factor which comprises the final state phase space and the incoming 
flux. In an arbitrary frame one has 

( o n \ 1 E d m 2 N p*q 2 

c(LJ,q,tt q ,n p ) = — -g — - — -r^frr (19) 

(2tt) 5 E d +p d Aujlo^ W NN 

with 

1 

2 



P* = ^\/W& N -4m%, (20) 



as the relative momentum of the final two nucleons in their cm. sytem, and 

uj = k , E d = \Jp 2 d + m 2 dl uj n = y/q 2 + ml , W% N = (u + E d - u w f - (k + p d - q f . (21) 
The density matrix p$ in (|18|) is a direct product of the density matrices p 1 of the photon and p d of the deuteron 

Pi = p-y ® / . (22) 

The photon density matrix has the form 

^'^(V+j* 7 (23) 

with respect to circular polarization p = ±1. Here, |P 7 | describes the total degree of polarization, P] = P} the degree 
of circular polarization, and P ; 7 = y (P 7 ) 2 + {Py ) 2 the degree of linear polarization. By a proper rotation around 
the photon momentum, one can choose the x-axis in the direction of maximum linear polarization, i.e., PJ = — P ; 7 
and PjJ = 0. Then one has explicitly 

9^ = (1 + 9 P2) <W - P'l <W e 2 ^ . (24) 

Furthermore, the deuteron density matrix p d can be expressed in terms of irreducible spin operators with 
respect to the deuteron spin space 

Plw = \^-) Ml ^m d \T^\lm' d )Pt M , (25) 

6 IM 

where Pq = 1 , and Pf M and P d M describe vector and tensor polarization components of the deuteron, respectively. 
The spin operators are defined by their reduced matrix elements 

(1||t[ 7 1||1) = VZI for 7 = 0,1,2. (26) 

From now on we will assume that the deuteron density matrix is diagonal with respect to an orientation axis d having 
spherical angles (0 d , <j) d ) with respect to the coordinate system associated with the photon plane in the lab frame. 
Then one has with respect to d as quantization axis 

Pmm' = Pm^mm' ? (27) 

where p m denotes the probability for finding a deuteron spin projection m on the orientation axis. With respect to 
this axis one finds from (|25|l P/m(^) = Pf^M.o, where the orientation parameters Pf are related to the probabilities 
{Pm} by 



L m 



pf = ^/Eh 1 

ft, , «. i 



i i i 

m — m 



Pr, 



i" \/ ^(pi-p-i)S n + -^={l~3p )S I2 . (28) 
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The polarization components in the chosen lab frame are obtained from the Pf by a rotation, transforming the 
quantization axis along the orientation axis into the direction of the photon momentum, i.e. 

Pf M (z) = Pfe^dUiOd) , (29) 
where d J m , denotes a small rotation matrix |l6j . Thus the deuteron density matrix becomes finally 



^w^H^E^i - md i)^ M M^). 00) 



This means, the deuteron target is characterized by four parameters, namely the vector and tensor polarization 
parameters Pf and P^, respectively, and by the orientation angles 9 d and <j> d . If one chooses the cm. frame as 
reference frame, one should note that the deuteron density matrix undergoes no change in the transformation from 
the lab to the cm. system, since the boost to the cm. system is collinear with the deuteron quantization axis [l7j . 

The evaluation of the general expression of the differential cross section in l|18[) can be done analogously to deuteron 
photodisintegration as described in detail in |13| . In fact, one can follow the same steps except for the use of the 
symmetry relation of Eq. (2) in [l3| which is different in case of pion production (see H12l) ~) because of the additional 
pion degree of freedom in the final state, in particular its pseudovector character. In terms of the small i-matrices as 
defined in (|10|) . one finds, inserting the density matrices of photon and deuteron for the general five- fold differential 
cross section, 

= 1 £ f^ e ^-^^ (fl d K2f[(l + A*i7)W-^^-P'« a ^]. (31) 
where we have introduced the quantities 

e q , e p , <M = c(u, q ,n q ,n p )-L H 1_md (4 - md m 

m d m' d 

E Km.n'm'J&i ®<l-> ®Pi c t ) pq) t sm 3 ^m d (q, 0q, dp, 4>pq) ■ (32) 

It is straighforward to prove that they behave under complex conjugation as 

U /m0?' °q, Op, <PpqY = (~) M U /-m(?' i k> S P> ^P<?) ' ( 33 ) 

Furthermore, with the help of the symmetry in i|12|) one finds 

%M^fe 0» P , <P Pq ) = (-Y+^'+v u^ M (q, 9 q , 9 P , -<t> pq ) , (34) 
which yields in combination with (|33[l 

"FaJt'^C?. K o p , <M = R /+M ' +M u^ M ( q , e q , e p , -<f> pg y . (35) 

This relation is quite useful for a further simplification of the semi-exclusive differential cross section later on. 

Separating the polarization parameters of photon (P z 7 and P^) and deuteron (Pf), it is then straightforward to 
show that the differential cross section can be brought into the form 



d 5 a 1 ' 



J IM + V IM 



dqdVl q dVl p ^ 1 \i- 1 

+ p c ("1m - v7m) + Pi (™1m e- 21 ^ + wj* e 2 ^ )] , (36) 
with (f> q d = 4> q — 4>d, where we have introduced for convenience the quantities 

v Im{1i °q> Op, fipq) = u im(i^ g , V , ^pq) > (37) 

W Im(<1, 6q> Sp, <i>pq) = -UiM^iq, 9q, p , <j) pq ) . (38) 
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According to (|33|l and l|35(l . they have the following properties under complex conjugation 

v / w im(<1' b i-> p> <?W* = {-) Mv / w i-u( < 1' °n d P> ^pi) ' 

w im(i, 9q> 9p> <?W* = (-Y w im(Q> °n S p> ■ 



(39) 
(40) 
(41) 



From Eq. (|39|l follows that Vj Q and Wj are real. The sum over M in i|36|) can be rearranged with the help of the 
relation £g) and d T _ M0 (9 d ) = (-)% (fii) 



M=-I 



(42) 



A/=0 



and furthermore with ipM — M<j> q d — 2 4> q 

i i 

E e iM ^^ (^)(^ M e- 2 ^+^e 2 ^) = E 4(^) (> M ™1m + e~ #M (-) M ^7-m) 

w=-j 

E rf M (^)(^ 



M=-I 



U IM 



M=-I 



(43) 



This then yields for the differential cross section 

I M=0 



dqdfl q dfl p 



I 1 

E p " { E rr^— <4 (We [e iM< ^ «m + ^ 7 «™)] 



1 

P? E 4/o(^)^e[e^u;} M ]}, 



M=-I 



where we have defined 



v im — v im ± u /m 



Now, introducing various beam, target and beam-target asymmetries by 



T/m(9, Qq, p , 4>pq) = -T—^ ^ eV f M (l^ 9 Q> <?W > M > ) 

1 + Mn 



1 



'A/0 



a °iM(i, Oq, o p , 4> pq ) = -$$mvf M (q, e q , e p , 4> pq ) , m > o , 

t /m(<7> Oq, ®p-> <f> P q) = ^ew} M (q, 9 q , p , <j> pq ) , 

ct /m(9, 9q, Op, 0pg) = ^3rato] M (g, g , 6> p , ^ pg ) , M^O. 



(44) 



(45) 



(46) 

(47) 
(48) 
(49) 



where we took into account that iij and Wj Q are real, one obtains as final expression for the general five-fold differential 
cross section with beam and target polarization 



d 5 cr 



dqdfl q dilp 



E P i { E d Mo(0d) [tim cos (Af<M + a° IM sin (M0 gd ) 



M=0 



+Pc (riM cos (M0, d ) + a c IM sin (M<^ d )) 



^ 7 E 4o(^) 



M=-I 



t\ m cos-0Af + cr JM sin^M 



(50) 



This constitutes our central result. 
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We will now turn to the semi-exclusive reaction d(j, ir)NN where only the produced pion is detected, which means 
integration of the five-fold differential cross section d 5 a / 1 dqdVl q dVl p over fl p . The resulting cross section will then be 
governed by the integrated asymmetries / dQ. p rf M and J dfl p af M (a e {0, c, /}), of which quite a few will vanish, 
either J dfl p rf M or f dtt p crf M . To show this, we first introduce the quantities 



Wim(q, Oq) = / dQ p w} M (q, q , P , 4> pq ) 



— j dn p c(Lo, q ,n qi n p ) ]T R 1 -" 1 * 



m d m' d 



1 1 I 

m' d -m d M 



/J*am.W rf (gi ^Q> ^P' <l>pq)tsm B ~lm d (q, Oq, Op, <j>pq) , (51) 

V^(5, 0,) = VrVfe, 0,) ± Vf^(q, q ) , (52) 



with 



v im(^ °q) = / d ^p v iM(l, q ,0 p , 4> pq ) 



-L J dn pC (Lo,q,n q ,n p ) £ {-)^ md 



m d m' d 



1 1 I 

m' d ~m d M 



/Xsm.um'fa ®q-> ®V> <Pvq) *«n,/*m,» (g: ®v <?W ■ ( 53 ) 



Using now the property l|4l)|l . one finds with the help of 

27T <.27T 

d(ppf{-4> pq ) = / d(j) p f((j) pq ) (54) 
Jo 

for a periodic function f{4> pq + 27r) = f((f> pq ), the relation 

Vw(9, ^) = / dn v «7m(?» p> <M = (-)' / u )m(9, 0„ -</> pg )* = (-)' 7/ M (g, 6 q )* , (55) 



and thus 

Correspondingly, using (|41|) one obtains 

w IM (q, e q y = f dn p w] M ( q , o q , o p , -<t> pq ) = w IM (q, o q ) . (57) 



From the two foregoing equations we can conclude that V^~ M and Wim are real for 1 = and 2 and imaginary for 
1=1, whereas Vf M is imaginary for 1 = and 2 and real for 7 = 1. Therefore, according to l|46|l through 149(1 the 
following integrated asymmetries vanish 

dn r a - for J ae {°> Z }, and 7=1 1 , 

dSi p r JM - U lor \ae{c}, and / = 0,2/' 

jri Q n . ( a€{0,!}, and 7 = 0, 2l , . 

dO^/v = for ( ae j c} / and/=1 }• (59) 

Instead of using these results for deriving from 1(50(1 the three-fold semi-exclusive differential cross section, we prefer 
to start from the expression in 144(1 . and obtain 

-TXT = E P ? { E TT~i — 4/o( We [e a ^ (V+ + i? V^)] + if ]T <4 (^) »e [e^TU 7M ]} . (60) 
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This expression can be simplified using the fact that i 5 ' 1 Wim, i 5 ' 1 Vim an d i 1 Sl1 Vim are rea ^ according to (|56|l and 
(|5Tp. The latter two quantities can be written as 

i s »V+ M = 2Vle(i s "V I 1 M ), (61) 

- 2 5Re (z 1 - 5 " y/ M ) - -2 3m (r 5 " V/ M ) . (62) 

Using now 

sft e [ e «f*,d = ^ ^w,a-«« ir/a) { Sn = 2 sR e (^n y/ M ) cos[A/(/v - 5/1 tt/2] , (63) 

5ie [e*^ U /M ] = 5Re [* eW^+fe V 2 ) fi-fn y^] = _ 2 3m (r 5jl V"/ M ) sin[M0 ?£i + S n tt/2] , (64) 

5Re [e^ M 1U /M ] = 3?e [e^" 5 " */ 2 > i 5 ' 1 = i 5n Wiji* cos^m - *ii tt/2] , (65) 

we find as final form for the three-fold semi-exclusive differential cross section 
d 3 a d 3 a 



dqdfl q dqdfl. 



P? { Y} cos 20 g + Pf T \m cos^m ~ $n tt/2] <4o (0 d ) } 



7=1 M=-I 



2 



+ X) 5^ ( T "m cos I M ^ - S n tt/2] + r/ M sin[M0 9d + $ n tt/2] J 4 f0 (^)J . (66) 

1=1 M=0 

Here the unpolarized cross section and the asymmetries are given by 

d 3 a Q 



dqdfl q 



V^(q,0 q ), (67) 



E W,)-Sr = W 00 (q,9 q ), (68) 



dqdQ.. 



i 

~ d 3 a 

T i M{q ' 6q) dq~dk q = ( 2 -^o)«e[< ail V^(g, 6 q )}, for < M < I , (69) 

q ) = -(2 - S M0 ) 3m [r 5 " 7/ M (g, 0,)] , for < M < I , (70) 

f l IM (q, 9 q ) = i s " W IM (q, 9 q ) , for — I < M < I . (71) 

Because Vf is real according to l|39[) . the asymmetries Tio and T| vanish identically. We would like to point out that 
in forward and backward pion emission, i.e. for 8 q = and n, the following asymmetries have to vanish 

S' = , fj M = for M ^ 0, and T l IM = for M ^ 2 , (72) 

because in that case the differential cross section cannot depend on <fi q , since at 8 q = or tt the azimuthal angle 4> q 
is undefined or arbitrary. This feature can also be shown by straightforward evaluation of Vj M and Wim using the 
explicit representation of the i-matrix in (|llfl . One finds 

V™ (?> e i = OA. 6 p> M = fOT M £ and e q = o/tt, e P) P9 ) = o for m + 2 . (73) 

The authors of |l2j| were not aware of this general kinematic property because they evaluate the asymmetries numer- 
ically for 9 q = and 7r and find that the obtained values are of the order of 10 -3 . They conclude in the case of Tn 
that it vanishes there but point out that E z does not vanish. For completeness and also in view of the numerous errors 
in |8Ll9t llClll2j . we list in the appendix B the explicit expressions of the asymmetries in terms of the i-matrix elements. 

In case that only the direction of the outgoing pion is measured and not its momentum, the corresponding differential 
cross section d 2 a/dfl q is given by an expression formally analogous to (|66|l where only the above asymmetries are 
integrated over the pion momentum, i.e., by the replacements 

d 3 a rfV /•*»-<»«) d 3 a 

d 1 T-J7T > ( 74 ) 



dqdtt q dVL q J qmz „(e q ) dqdQ q 

d ^o a , d*a , (Q . _ ^ d 3 a ~, 



E '^^) - ^FrX l (6 q )= / dq -^Lz l ( q ,6 q ), (75) 



dqdQ. q dQ q J qmin (e q ) dqdQ. q 

^t q ™«> e ^ - = dq £k ^ dqh ae {0 ' c} • (76) 
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The upper and lower integration limits are given by 

<lmax{0q) = (aucosd q + E ld ^ a 2 - 46 m 2 ^ , (77) 

q m in(6 q ) = max{0, — (awcosfi, - E ld ^J a 2 - 46 m 2 ^} , (78) 

where 

a = ^ + m J-4m 2 K , (79) 

6 = W^, + a; 2 sin 2 g , (80) 

VF 2 d = m (j K+2w), (81) 

P 7 d = m d + uj. (82) 

The general total cross section is obtained from l|tj(j|) by integrating over q and fl q resulting in 



d T° m « 2 fl , - 1 ^ 4- PT P d T° r>r,c , J- PT Pi* tL rWM ^ ^ «in - , 



a(P ; 7 , P2, Pf , P 2 d ) = <t [1 + P 2 a T 20 -(3 cos^ d - 1) + f£ Pf T 10 cos d + P 2 d T 22 cos(20 d ) sin^ d j , (83) 
where the unpolarized total cross section and the corresponding asymmetries are given by 

r rq ma *(8 g ) ,3 

a = dn q dq-^-, (84) 

J Jq mt „(e q ) dqdilq 

a Tj M = f dn q r ma * [eq) dq ffa , (85) 

J Jq m , n (8 q ) aqailq 

with a <E {0, 1, c}. 

Finally, we would like to point out that for coherent photoproduction of ir° on the deuteron formally the same 
expression as in i|66[) holds with unpolarized differential cross section and asymmetries Y}(9 q ), TiM(@q), and Tj^{6 q ), 
which are defined in analogy to l|67|) through (|71(l with the replacements 

V} M - Yl (m' d -m d MjECsw/^k'^W, (86) 

Wim 



m d m' d 



IT* E Q, -L m) EC2H^)^ lroj (^) • (87) 



V3 ^, V TO rf M 

m d m d „„ d 

Here, c(u>, Q q ) denotes a kinematic factor. A complete listing of all polarization observables including recoil polariza- 
tion of the final deuteron can be found in [l4| . 

V. CONCLUSIONS 

In this work we have derived formal expressions for the differential cross section of incoherent pion photoproduc- 
tion on the deuteron including various polarization asymmetries with respect to polarized photons and deuterons. 
Obviously, these expressions are generally valid for pseudoscalar meson production. We did not consider polarization 
analysis of the final state, i.e. spin analysis of one or both outgoing nuclcons. In this case one has to evaluate instead 
of PI) 

^ dqdndn = c^O^M^Mj)^), (88) 
for the polarization of the "jth" outgoing nucleon, or 

Paia2 dq~dWdtt = c ( w '9' r! ?^p)^( Tt(7 «i( 1 ) (7 ^(2)T /9l ), (89) 

for the polarization of both outgoing nuclcons. For the evaluation of these expressions one can proceed straight- 
forwardly as has been done in |13| . In a subsequent paper [l5j|. we will investigate the influence of NN- and ttN- 
rescattering on the various asymmetries of the semi-exclusive differential cross section of incoherent pion photopro- 
duction on the deuteron. 
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APPENDIX: EXPLICIT EXPRESSIONS FOR THE VARIOUS POLARIZATION ASYMMETRIES 

We list here the explicit hermitean, bilinear forms in terms of the i-matrix elements for cross section and the various 
asymmetries: 

1. The semi-exclusive differential cross section 

d?(T 1 f 

d d Q = g dQ p c(uj,q,Q, q ,n p ) ^2 ItsmAmA 2 ■ ( A1 ) 

^ sm s md 

2. The photon asymmetry for linearly polarized photons and unpolarized deuterons 

^ d^T = ~3 J dn P c ( w '9' n 9' n p) J2 Km,lm d tsm s -lm A ■ (A2) 
^ ' sm s nid 

3. The target asymmetry for vector polarized deuterons and unpolarized photons 

^11 = \j\ J dQ p c(uJ,q,n q ,n p )^m ^K m j-l^m s 10 + *«m„10*«n„ll) ■ (A3) 

4. The target asymmetries for tensor polarized deuterons and unpolarized photons 

T ™Jlik = 3/1 / ^pc^^p) 2(IWi| 2 + IW-i| 2 -2|Wo| 2 ), (A4) 

^ * sm s 

= Vl [ dQ P C ( U ^^ n ^ n p)^ e ^(Kmsl-ltsmsW -Km s 10tsm s ll), (A5) 

^ 2 Sr = 7! /^^K^^pi^ECi-iWu. (A6) 

9 V J srris 

5. The beam-target asymmetries for circularly polarized photons and vector polarized deuterons 

^°dq~di~ = 71 / rffi P c ( w '9'^9'°p) X^l ism = n | 2 _ l^m 3 i-i| 2 ) , (A7) 
= "/I /^P^^^^e^ft^^^io+t^^Un). (A8) 

6. The beam-target asymmetries for circularly polarized photons and tensor polarized deuterons 

^l^T = / ^ ? ' n " ^) 3m H(*sm.lO*«m.H -C,l-l*™ s 10), (A9) 

^22 = y d^pc(w,g,fi 9 ,rjp)3?m ^t* m<s i_it S m s ii • (A10) 



7. The beam-target asymmetries for linearly polarized photons and vector polarized deuterons 

T{q = f dn p c(LJ,q,Q q ,fl p ) Qm ^(C.uU.-u), 

?nv^- = f dn p c(u,q,n q ,Cl p )%m ^(i^nW-io), 

rj_ a rf d ^ = y| f dsi p c(u,q,n q ,n p )$im ^(C s iiU,-io)- 

8. The beam-target asymmetries for linearly polarized photons and tensor polarized deuterons 

^21 f rf Q = ^ f dfl p c(uj,q,n q ,n p )^e ^(C sl0 V,-ii) . 

^ srn s 

d?(j 1 /" 

T ^ 2 dadn~ = — A / rf °p c (^g^g^p) y^Cn B i-i^m a -ii • 

T ^~ 2 dqdQ~ = 7 c (^i ff; ^p) ^ Cm.ll ^am.-l-l ■ 
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